We estimate the source model of the 2005 Miyagi-Oki earthquake, which consists of two source patches called "strong motion generation areas (SMGAs)", to explain the broadband strong motions. The location of the first SMGA is determined from the arrival time differences between the first motion and the first pulse in the P-wave portion. Based on the broadband waveform modeling obtained using the empirical Green's function method, we estimate the parameters of the two SMGAs. The estimated location of the two SMGAs coincides with the two major large slip areas inferred from the inversion of strong-motion and teleseismic waveforms, which implies that the broadband strong motion of the 2005 Miyagi-Oki earthquake mainly radiates from the asperities. The deeper SMGA has a larger stress drop (34.1 MPa) than the shallower one (17.6 MPa). Comparison of the locations of SMGAs between the 2005 and 1978 Miyagi-Oki earthquakes suggests that they do not overlap with each other. The interplate earthquakes, including this event, were found to have smaller SMGAs than those predicted from the relationship of crustal earthquakes for a given seismic moment. This implies that the stress drop of the SMGAs for interplate earthquakes is larger than that for crustal earthquakes.
Introduction
The study of kinematic waveform inversion of strongmotion records has revealed a detailed source process and allowed a better understanding of seismic sources. In most cases, these source images represent the source process of low-frequency wave radiation or low-frequency source model because the theoretical Green's function for strong-motion records is less reliable and because waveform matching is difficult for the frequency ranges higher than 1 Hz. In order to learn about the source physics and the asset it represents in terms of strong-motion prediction, recent studies have attempted to construct source models related to broadband wave radiation (e.g., Zeng et al., 1993; Nakahara et al., 2002; Shiba and Irikura, 2005) . One of the more successful approaches is the empirical Green's function (EGF) simulation with a simple source patch model characterized within the total rupture area (e.g., Kamae and Irikura, 1998; Miyake et al., 2003; Morikawa and Sasatani, 2004) . The EGF method is a technique used to synthesize seismic records by summing up the observed records of small earthquakes. It can therefore simulate realistic waveforms up to high frequencies that are affected by minute heterogeneous propagation-path structures. The assumed source model consists of a (multiple) rectangular area(s) that has no explicit heterogeneity of slip, rise time, and rupture velocity inside of it. Miyake et al. (2003) named this area "strong motion generation area (SMGA) ." The SMGA Copyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB.
represents the large-slip velocity area extracted in the total slip area to explain the characteristics of broadband (approximately 0.1-10 Hz) strong motions. Miyake et al. (2003) showed that the SMGAs of crustal earthquakes that were estimated independently of lowfrequency strong-motion waveform inversions correspond to the asperities inferred by those inversions with respect to the location and size. Moreover, they found that the total area of SMGAs is consistent with the empirical relationship between the total asperity area and the seismic moment derived by Somerville et al. (1999) . The SMGA stress drop is estimated to be approximately constant for crustal earthquakes over the moment range between 1.83 × 10 16 and 1. 38 × 10 18 N m (M W 4.8-6.0). This scaling relationship has been confirmed from more crustal earthquakes of either small or large magnitude (e.g., figure 7 of Suzuki and Iwata, 2006) . Although some researchers have investigated the SMGAs of large subduction-zone interplate earthquakes, such as the 1994 Sanriku Haruka-Oki earthquake (Miyahara and Sasatani, 2004 ) and the 2003 Tokachi-Oki earthquake (Kamae and Kawabe, 2004) , such studies are relatively few in comparison to the number carried out on crustal earthquakes. Suzuki and Iwata (2005) have estimated the SMGAs for moderate-sized interplate earthquakes that occurred at the subducting Pacific sea plate near Northeast Japan with a seismic moment ranging from 1.16 × 10 18 to 3. 36 × 10 19 N m (M W 6.0-7.0). In order to understand the source characteristics of interplate earthquakes in relation to broadband strong motions, it is necessary to examine the scaling relationship of SMGAs by accumulating the results obtained from similar analytic procedures. On August 16, 2005, an earthquake with an M JMA = 7.2 (magnitude determined by the Japan Meteorological Agency, JMA) occurred offshore of Miyagi Prefecture (Miyagi-Oki region), Japan. The latitude, longitude, and depth of the JMA hypocenter are 38.150 • N, 142.278
• E, and 42.0 km, respectively. Figure 1 shows the epicenter and focal mechanism of this earthquake. This 2005 Miyagi-Oki earthquake is thought to be an interplate earthquake that occurred between the subducting Pacific plate and the North American plate. The Miyagi-Oki region has repeatedly experienced M 7.5-class earthquakes at average intervals of 37 years, and there was a high probability that it would experience the anticipated earthquake (The Headquarters for Earthquake Research Promotion, 2005) . Hence, the question of whether the 2005 Miyagi-Oki event is the characteristic earthquake or not attracts interest. The last large event in this region occurred in 1978 with an M JMA = 7.4. Therefore, the relationship between the 2005 and 1978 events has been examined. Based on the relocated aftershock distribution and slip distribution obtained by teleseismic waveform inversion, Okada et al. (2005) concluded that the 2005 event ruptured a part of the source area of the 1978 event. Yaginuma et al. (2006) also concluded from several inversion results that one of the asperities of the 1978 event was ruptured during the 2005 event. Wu and Koketsu (2006) discussed the rupture pattern, comparing the source processes inverted from the strong-motion and teleseismic records for the 2005 event and strong motions for the 1978 event. Based on the broadband strong-motion simulation, Kamae (2006) reported that one source patch near the hypocenter is similar between the 2005 and 1978 earthquakes in terms of location and stress drop, whereas the landward one is different.
In this paper, we estimate the source model of the 2005 Miyagi-Oki earthquake, which is composed of SMGAs, with the aim of gaining an understanding of the source process that generates broadband strong motions, and we assess its relationship to the 1978 event. We propose a methodology based on an objective procedure. We also examine the scaling relationship of SMGAs for the interplate earthquakes around Japan. We use the strong-motion records of K-NET and KiK-net maintained by the National Research Institute for Earth Science and Disaster Prevention (NIED).
Features of the Observed Strong Motions
In this section, we outline the main features of the observed strong motions of the 2005 Miyagi-Oki earthquake and illustrate the rough image of the source model based on them. Figure 2 shows the velocity waveforms at the station MYG003 of K-NET obtained from a single integration of the observed acceleration records without filtering. The location of this station is shown in Fig. 1 . We can see that the S-wave portion consists mainly of two wave packets. These two S-wave packets are clearly observed in the records at strong-motion stations that are located to the northwest of the hypocenter. This observation requires us to assume the presence of two SMGAs. We will call the SMGA that gen-
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Hyp1 dip Ray Fig. 3 . Schematic illustration of locating Hyp1 by following the procedure of Takenaka et al. (2006) . Two-dimensional coordinate system ξ 1 -ξ 2 is spanned along the strike and dip directions. Its origin is the hypocenter, Hyp0. is the angle between the ray and the vector to Hyp1 measured at Hyp0.
erates the first S-wave packet SMGA1 and that generating the second, SMGA2. In Fig. 2 , there are two wave packets in the P-wave portion that correspond to the two S-wave packets mentioned above. A close look at the P-wave portion reveals that the amplitude of the waves immediately after the P-wave arrival is considerably small and that the first wave packet arrived approximately 2.3 s after the first Pwave arrival. This indicates that SMGA1, where the first Swave packet is generated, is different from the hypocenter. Based on the features of the observed waveforms described above, we can assume that the source model is composed of two SMGAs that are located away some distance from the hypocenter of the 2005 Miyagi-Oki earthquake. It is necessary to know the time of the S-wave arrival in order to be able to estimate the location of the SMGAs by simulating whole S-wave records. However, the first S-wave motions of this earthquake are difficult to detect because it is veiled under the second P-wave packet and P-coda waves. We will, therefore, firstly determine the location of the rupture starting point of SMGA1 by using the difference in the arrival times of the first P-wave motion (P0) and the first P-wave packet (P1). After locating the rupture starting point of SMGA1, the relative location of SMGA2 to SMGA1 and various parameters, such as size, stress drop, and the rise time of the SMGAs, are inferred by fitting the synthetic waveforms to the observed ones using the arrival time of the first S-wave packets, which are assumed to be generated by SMGA1, as a reference time.
Locating Rupture Starting Point of SMGA1
We estimate the location of the rupture starting point of SMGA1 (Hyp1), relative to the hypocenter determined by the JMA (Hyp0), by following the procedure of Takenaka et al. (2006) , who investigated the 2005 West Off Fukuoka Prefecture earthquake. In the P-wave records of the 2005 West Off Fukuoka Prefecture earthquake, the small initial phase preceded the large main phase by a few seconds, similarly to the 2005 Miyagi-Oki earthquake. The difference in the arrival times between the first motion (P0) from the hypocenter and the main phase (P1) generated from SMGA1, T P1−P0 , can be modeled by Eq. (1). T 0 is the delay time of the SMGA1 rupture relative to the origin time, is the angle between the departing ray and the vector toward Hyp1 measured at Hyp0, l is the distance between Hyp0 and Hyp1, and V P is the P-wave velocity of the source region. If we use the two-dimensional coordinate system spanned on the fault plane, in which the ξ 1 -axis is along the strike direction and the ξ 2 -axis is along the downdip direction, the distance l can be expressed as Eq. (2).
The geometrical setting of this problem is illustrated in Fig. 3 . It is assumed here that the waves are radiated from Hyp0 and Hyp1 with the same take-off angles.
We determine the location of Hyp1 expressed by the ξ 1 -ξ 2 coordinate and T 0 by minimizing the difference between the predicted and observed T P1−P0 in a least-squares sense by means of a grid search. The data of 50 K-NET and 33 KiK-net stations (83 stations in total) shown in Fig. 4 are used in this analysis. For the KiK-net stations, where a seismometer is installed in the borehole as well as on the surface, T P1−P0 measured in the borehole record is used. An example of picking up P0 and P1 arrival times can be seen in Fig. 2 . The strike and dip angles of the assumed fault plane on which Hyp1 or SMGA1 exists are 195
• and 18
• , respectively, according to the quick CMT solution of the Harvard CMT project. The take-off angles required for the calculation of cos and V P (7.53 km/s) are assumed by referring to the JMA table used for hypocenter determination. A set of parameters that gives the least residual value is listed together with the search range in Table 1 . The search range is also shown on the map in Fig. 4 . The location of Hyp1 is estimated to be approximately 16 km closer to the coastline than Hyp0. Figure 5 shows the observed T P1−P0 versus cos with Eq. (1) calculated from the determined parameters. The observed data follow the linear relation of Eq. (1).
To examine the effect of an error in phase detection, we prepare 2000 data sets that consist of T P1−P0 randomly perturbed from the observed data by +0.2 or −0.2 s with a 50% probability for each station. The same procedure is applied to these data sets to estimate the location of Hyp1. The estimated parameter set listed in Table 1 is that obtained the most often during these 2000 trials. The average values and standard deviations are listed in Table 1 . The standard deviation of the location ξ 2 is larger than that of ξ 1 because ξ 2 has a trade-off with T 0 , which may be caused by poor station coverage along the dip-direction. Nevertheless, it can be said that an error of phase picking does not affect the estimated result to any great degree. 
Estimation of the Source Model from Broadband Waveform Simulation
Formulation of the EGF method
In the previous section, we determined the relative location and the relative time for the start of the rupture of SMGA1 to the hypocenter. Based on this result, we will estimate the broadband source model or the parameters of the SMGA1 and SMGA2 by simulating strong motions over a wide frequency range using the EGF method proposed by Irikura (1986) .
Irikura's method is formulated on the basis of the selfsimilar scaling law of the source parameters and the ω −2 source spectral model. From the self-similar scaling law of the source parameters between large and small earthquakes (Kanamori and Anderson, 1975) , the seismic moment M 0 , fault length L, fault width W , rise time T , and the amount of the slip D are related, as shown in Eq. (3).
where capital and small letters denote large and small events, respectively. The constant N represents a ratio of these parameters between large and small earthquakes. Miyake et al. (2003) used the term and concept of SMGA as the rupture area from the viewpoint of strong-motion simulation. Hereafter, we treat L , W, T , and D as the parameters of SMGA of a large earthquake or a target earthquake. We treat N as the integer number related with the division of SMGA into subfaults (Fig. 6 ). If the two earthquakes follow the ω −2 source spectral model (Aki, 1967; Brune, 1970) with a different stress drop whose ratio is C, then N and C are related to the two flat levels of the spectral ratio of the large earthquake to the small earthquake records. This is schematically illustrated in Fig. 7 (a), and expressed by Eqs. (4) and (5) below. U 0 /u 0 is the flat level in the low-frequency range, which stems from the flat levels of displacement spectra, and A 0 /a 0 is that in the high-frequency range originating from accelera- tion spectra.
These two parameters, i.e., C and N , are required for the EGF waveform synthesis. The waveform record of the target event U (t) is calculated by summing up the record of a small or EGF event u(t) using Eqs. (6) and (7).
In these equations, V S is S-wave velocity around the source region, and V R is the rupture velocity. ξ i j is the distance between the subfault (i, j) and the hypocenter of the mainshock, and r 0 , r are respectively the hypocentral distances of the target and the EGF events, and r i j is the distance between the subfault (i, j) and the station (Fig. 6 ). We use N x and N w instead of N to distinctly express the number of subfaults the SMGA has been divided into along the strike and dip directions, respectively. By convolving the function F(t), we adjust the slip time function of the EGF event to that of the target event. In other words, we sum up the records of the EGF event on the slip. F(t) is expressed in the discretized form as Eq. (8), which is introduced by Irikura et al. (1997) .
is the delta function and n is the integer to make artificial periodicity outside of analyzing frequency band.
N t is the number of summation of EGF in time on one subfault.
Analytic procedure
It is necessary for the EGF simulation to determine C and N from the spectral ratio of the target event to the EGF event, as mentioned in the previous subsection. Equations (4) and (5) are those for the case with single SMGA. Since the 2005 Miyagi-Oki event can be explained by two SMGAs from observed waveforms, we need to introduce the modified equations for determining C and N . If two SMGAs have the same C and N values, which implies that they have the same stress drop and spatial dimension, then Eqs. (9) and (10), introduced by Yokoi and Irikura (1991) and Miyake et al. (1999) , are used instead of Eqs. (4) and (5):
We consider not only the case of two SMGAs having the same C value but also the cases when one SMGA has a C value 1.5 times or twice as large as the other. We adopt the records of an M JMA = 4.1 aftershock, which occurred on September 6, 2005, as EGF. This aftershock is appropriate for the EGF event because it occurred within the rupture area expected from the waveform inversion and has a focal mechanism similar to that of the target event (Fig. 8) . The focal depth determined by the JMA is 45.1 km and the seismic moment determined by F-net of NIED is 1.44 × 10 15 N m. The eight K-NET stations shown in Fig. 8 are used in this analysis. Figure 7 (b) shows the S-wave spectral ratios calculated using a 30-s time window. By following Eqs. (9) and (10) and introducing different C values for the two SMGAs, we obtain five combinations for C and N x , N w , N t , as shown in Table 2 . For Combinations 3 and 5, we use a different N value between N x , N w and N t in order to make the combination more flexible to obtain the picked U 0 /u 0 and A 0 /a 0 values. ter of the mainshock and the EGF event used for waveform simulation, together with the estimated SMGAs projected on the slip distribution inferred by Wu and Koketsu (2006) by using strong-motion and teleseismic data. Their slip distribution is shifted to match the epicenter determined by ERI to that determined by the JMA. Red inverted triangles are KiK-net stations used for the comparison of waveforms with those obtained by Kamae (2006) , which are shown in Fig. 14. Purple open squares are F-net stations used to examine the influence of the assumed seismic moment on the low-frequency component (Fig. 13) .
We employ the genetic algorithm (GA) for estimating the source model in order to evaluate broadband waveforms by minimizing the following misfit function (Suzuki and Iwata, 2005, 2006) .
Here, u is the velocity waveform bandpass-filtered between 0.2 and 1 Hz, while e is the envelope of the acceleration waveform bandpass-filtered between 0.2 and 10 Hz. The lower frequency limit is determined from the S/N ratio of EGFs. The acceleration envelope is calculated from the root-mean-square (RMS) of acceleration records with a 1-s time window. The misfit is calculated over 20 s, beginning from 4 s before the arrival time of the S-wave from SMGA1 for two horizontal components, covering the whole rupture duration. The misfit function (11) is similar to that used in Miyake et al. (1999 Miyake et al. ( , 2003 , who utilized the displacement waveforms and acceleration envelopes. We use the misfit function for the velocity waveforms up to 1 Hz instead of displacement to see the source rupture model that controls broadband strong motions related to earthquake disaster (e.g., Kawase, 1998) . The model parameters estimated by the GA are the size and rise time of the EGF event, the rupture starting subfault of the two SMGAs, and the starting point and time of SMGA2 rupture. Since the number by which SMGAs are divided into subfaults, i.e., N x and N w , has already been determined, the determination of the size of the EGF event or subfault corresponds to an estimation of the size of SMGAs. The rise time within the SMGAs is also calculated from the multiplication of the rise time of the EGF event by N t . The shape of the EGF event or subfault is assumed to be square. Table 3 shows the search range and search interval of the model parameters. The rupture starting subfault of each SMGA is found among N x subfaults in the shallowest row aligned along the strike direction. The rupture inside the SMGAs is assumed to propagate radially from Hyp1 or Hyp2. The rupture velocity (V R ) inside SMGAs is fixed in each GA search. We assume four different rupture velocities: 2.7, 3.15, 3.6, and 4.05 km/s, which correspond to 60%, 70%, 80%, and 90% of the S-wave velocity (4.5 km/s) of the source region, respectively. Since there are the five combinations of C and N , as listed in Table 2 , and the four rupture velocities, a total of 20 cases are taken into account. The GA code is based on the package PIKAIA (Charbonneau, 1995) . The numbers of the populations (individuals) and generations (iterations) for the GA search are 200 and 200, respectively. Since the GA is the heuristic search, we attempt ten searches with different initial populations or parameter sets to confirm the robustness.
Result
Among the 20 cases tested, Combination 5 shown in Table 2 with V R = 3.15 km/s gives the smallest misfit value. The C value of SMGA2 in this combination is twice as large as that of SMGA1, which implies that the stress drop of SMGA2 is twice that of SMGA1. The estimated model parameters of the GA search are listed in Table 3 . Three of the ten GA trials for Combination 5 with V R = 3.15 km/s give this estimated parameters, and one trial returns almost the same parameters. The obtained result is satisfactorily robust, although some trials could not reach the global minimum. For this case, we perform the GA search using the misfit of the displacement waveforms instead of the velocity ones and obtain the same result as that shown in Table 3 . Table 4 shows the SMGA parameters of this model. The seismic moment of each SMGA is calculated by multiplying the moment of the EGF event by C × N x × N w × N t . The stress drop can then be obtained from the size and seismic moment by using the circular crack formula (Eshelby, 1957) . The location of the SMGAs is illustrated in Fig. 8 , with the slip distribution derived by Wu and Koketsu (2006) from the Table 3 . Search range, interval, and estimated value of model parameters of the GA search. l and τ are the fault length and the rise time of the EGF event, respectively. The rupture starting subfault of each SMGA is expressed by using the coordinates in the SMGA, as shown in Fig. 6 Table 4 . Estimated parameters of two SMGAs from the EGF simulation. S, M 0 , σ , τ , and T 0 denote the area size, seismic moment, stress drop, rise time, and rupture starting time, respectively. T 0 is measured from the origin time determined by the JMA.
9.6 × 9.6 6. joint inversion of the strong-motion and teleseismic data. These researchers used the hypocenter determined by the Earthquake Research Institute (ERI), University of Tokyo, which is different from that used in this study. Therefore, the slip distribution shown here has been shifted from that based on ERI to that determined by the JMA in order to match the epicenters. Wu and Koketsu (2006) assumed a slightly different fault plane (strike 211
• and dip 23
• ) from that which we assume; in accordance with the CMT solution they determined the fault plane from the teleseismic body wave inversion. In Fig. 8 , two SMGAs with Hyp1 and Hyp2, which are denoted by squares with stars, respectively, correspond to the two large slip regions or asperities. Hyp2 is located approximately 38 km away from the hypocenter and approximately 22 km away from Hyp1.
The rupture delay time of SMGA2, relative to that of SMGA1, is estimated to be 7.0 s independently of locating Hyp2. The apparent rupture velocity between Hyp1 and Hyp2, calculated from the distance divided by the delay time, is 3.17 km/s. This is almost the same as the estimated rupture velocity inside the SMGAs.
The fittings of the acceleration envelopes and the velocity waveforms are shown in Fig. 9 . These envelopes and waveforms are used as the target to evaluate the fittings by the GA. The simulation agrees with the observation reasonably well. Figure 10 presents to 10 Hz. Although some discrepancy can be seen, the EGF simulation satisfactorily reproduces the main characteristics of the observed waveforms for all stations. These good fits are achieved from acceleration to displacement, which implies that the broadband strong motions are simulated well. The clear second pulse waves observed at northern stations, such as IWT008, MYG003, and MYG008, are well reproduced. These appear to be generated by the forward directivity effect of the SMGA2 rupture, which propagates along the northwest direction. The misfit function (11) is effective for the evaluation of the reproduction of the broadband strong motions. 
Examination of the Obtained Source Model
There may be a possibility that the source model obtained in Section 4 is under some adverse influence of the conditions in the analysis, such as the selection of EGF event, the picked flat levels in Fig. 7(b) , and the site response of the used stations. In this section, we will confirm the reliability and applicability of the obtained SMGA model.
Influence of the selection of the EGF event
We examine the influence of the selection of EGF event on the result from the analysis using the different EGF event. The EGF event used in Section 4 (called E1 in this subsection) is one of the most appropriate candidates for the EGF event from the viewpoint of the magnitude, location, and focal mechanism. We find that an M JMA = 4.1 earthquake that occurred near the hypocenter of E1 on November 8, 2004, before the mainshock, can be considered to be the other EGF candidate, called E2 hereafter (Fig. 11) . The records of E2 are obtained at all the eight stations used in Section 4. Using the records of E2 as EGF, we estimate the source model by the same analytic procedure as that described in Section 4. Since the spectral ratios of the mainshock to E2 closely resemble those to E1, we assume the same combinations of C and N values determined for the analysis with E1. Figure 11 shows the estimated location of the two SMGAs together with those obtained from the analysis with E1. We define the term SMGA1(E1) as SMGA1 determined by the analysis with E1, and SMGA2(E1), SMGA1(E2), SMGA2(E2) in a similar way. We can see that SMGA1(E2) is located at almost the same place as SMGA1(E1), and that SMGA2(E2) overlaps with SMGA2(E1). Table 5 shows the parameters of the SMGAs. V R inside the SMGAs is Table 5 . Estimated parameters of two SMGAs from the analysis with the different EGF. S, M 0 , σ , τ , and T 0 represent the same parameters as given in Table 4 .
9.9 × 9.9 6. estimated to be 3.6 km/s. Although the stress drop of SMGA2(E2) is smaller than that of SMGA2(E1), the parameters estimated here are similar to those obtained in Section 4, especially for SMGA1. The tendency that the stress drop of SMGA2 is larger than that of SMGA1 is the same. A comparison of the observed and synthetic waveforms is shown in Fig. 12 . The frequency ranges of these waveforms are 0.2-10 Hz except for the displacement waveforms of some stations where the EGF records have insufficient S/N ratio for the low-frequency range. The simulated waveforms fit to the observed ones well. Although the estimation for SMGA2 is slightly different in terms of location and stress drop, the result obtained in Section 4 is confirmed to be satisfactorily robust to the difference in the selection of the EGF event. Since the GA search for the analysis with E1 is more stable and the EGF records seem to have better S/N ratio than those for the analysis with E2, we will treat the model estimated in Section 4 as the obtained source model and base on discussions on it. Fig. 7(b) show the fall-off in the lowfrequency range because the records of EGF have a low S/N ratio for these frequency range. The picked U 0 /u 0 in Fig. 7(b) , which is 8000, is actually smaller than the seismic moment ratio of the mainshock to the EGF event, which is approximately 37,000 calculated from the moment tensor solutions by F-net. The obtained source model is constructed with approximately one fifth of the total seismic moment based on the waveform simulation between 0.2 and 10 Hz.
Applicability of the estimated SMGA model for the lower frequency range Spectral ratios in
In order to examine the applicability of this SMGA model to explain the waveforms whose frequency range is broader for the low-frequency range, we simulate the records at two F-net stations, KSN and TYS shown in Fig. 8 . F-net stations are equipped with a broadband highsensitivity seismometer (STS-2) and a strong-motion seismometer (VSE). STS-2 provides the waveforms with sufficient S/N ratio in the lower frequency range, even for a small event. We use the records of VSE for the mainshock and those of STS-2 for the EGF event, correcting the response of the seismometers. Figure 13 (a) compares the synthetic waveforms with observed ones for two frequency bands: the full-frequency band and 0.1-10 Hz. In this figure, we can see that the amplitude and width of the observed velocity pulse waves, which are thought to be characterized by the SMGA rupture, are sufficiently produced for the full-frequency band as well as for the frequency range 0.1-10 Hz, although some discrepancy is observed. For the displacement waveform of the full-frequency band, there is a large discrepancy between the observed and synthetic The maximum values of the observed waveforms are indicated between the observation and the simulation. The units for acceleration, velocity, and displacement waveforms are cm/s 2 , cm/s, and cm, respectively.
waveforms since the lower frequency content dominates in the observation. Nevertheless, we can see some similarity for displacement waveforms filtered between 0.1 and 10 Hz. which are the main target of the SMGA modeling, the observed waveforms without filtering and those of 0.1-10 Hz appear to be similar. It is therefore difficult to tell whether U 0 /u 0 is 37000 or 8000 from the velocity waveforms. Although the SMGA source model constructed in this study is the band-limited solution from the frequency range 0.2-10 Hz, it represents the main contribution to the broadband velocity waveforms of the 2005 Miyagi-Oki earthquake. The rupture of the region outside SMGAs with small slip velocity and low stress drop could compensate for the defi-cient seismic moment and contribute to the lower frequency content.
Flat level in the high-frequency range
For the high-frequency range in the spectral ratio of Fig. 7(b) , it seems difficult to observe ω −2 slope and to find the flat level, A 0 /a 0 , unlike the schematic illustration of Fig. 7(a) . This is probably caused by some deviation of the EGF spectra from the ω −2 model and may make the picked A 0 /a 0 (= 56) in this study look suspicious. As a result, there may be some uncertainty in the assumed C and N values, which will affect the estimation of the SMGA parameters, especially the stress drop. In order to determine the influence of the picked A 0 /a 0 on the result, we estimate the source models when A 0 /a 0 is assumed to be 100. Here, we call the source model obtained with A 0 /a 0 = 56 in Section 4, Model56, and that with A 0 /a 0 = 100 examined here, Model100. We consider the case that the two SMGAs have the same C values and the cases that one SMGA has twice as large a C value as the other. For the former case, we assume that C, N x , N w , and N t values are 9.0, 8, 8, and 7, respectively. For the latter cases, C, N x , N w , and N t of one SMGA are assumed to be 6.4, 9, 9, and 8 and those of the other are 12.8, 7, 7, and 6, respectively. We conduct ten GA searches with four different rupture velocities for each case, such as the estimation procedure of Model56. The smallest misfit is obtained when SMGA2 has twice as large a C value as SMGA1 with V R = 4.05 km/s. The estimated stress drops of SMGA1 and SMGA2 are 11.5 and 22.3 MPa, respectively. Therefore, with respect to the stress drop, the tendency of Model56 does not change for Model100. This tendency means that SMGA2 has a larger stress drop than SMGA1 and the value is not as high as that derived by Kamae (2006) and Satoh (2006) , with which we will discuss the comparison of our result in Section 6. The estimated stress drop is well constrained by the observed data, even if the uncertainty of C and N values due to the difficulty in picking the A 0 /a 0 is considered. Although a similarity in stress drop is observed between Model56 and Model100, the two results are incompatible since the estimated size of the subfault, being a model parameter in the GA search and controlling the stress drop, is considerably different. Model100 gives a larger misfit value and is less stable than Model100 since only one search returns the parameter set that gives the minimum residual. Therefore, Model56, i.e., the model obtained in Section 4, is more appropriate. 5.4 Effect of nonlinear site response on parameter estimation For estimating SMGA parameters by EGF simulation, we only use the K-NET stations on the ground because K-NET utilizes new-type accelerometers with a higher resolution than those of KiK-net and can provide the data with better S/N ratio in the low-frequency range than KiK-net borehole data. It is often reported that the site amplification during strong motions sometimes becomes smaller than that during weak motions by nonlinear site response, particularly for surface stations on soft soil (e.g., Aguirre and Irikura, 1997; Field et al., 1997) . If this nonlinear site response had occurred at the stations used in this study during the 2005 Miyagi-Oki earthquake, the stress drop might be estimated to be smaller in order to avoid overestimation of the amplitude by the linear summation of EGF records. Tsuda and Steidl (2006) examined the site response during the strong motions by the 2005 Miyagi-Oki earthquake as well as the weak motions by 14 M JMA 4-class local earthquakes for the K-NET and KiK-net stations of Miyagi and Iwate Prefectures. We refer to their results for the site response characteristics of six stations used in this analysis. Weaker amplification in the frequency range below 10 Hz is observed only for one station (MYG015). Site response does not appear to be greatly changed during strong motions for the stations we used, particularly those where the fittings between the observed and synthetic waveforms are good, such as IWT008, MYG003, and MYG008. Therefore, our estimate of the SMGA parameters is thought not to be affected by the nonlinear site effect.
Discussion
Comparison with slip distribution
For crustal earthquakes (e.g., Kamae and Irikura, 1998; Miyake et al., 2003; Suzuki and Iwata, 2006) and some interplate earthquakes in the Tokachi-and Kushiro-Oki regions, Japan (Suzuki and Iwata, 2005) , it has been confirmed that SMGAs correspond to the large slip areas obtained mainly from strong-motion inversion. This implies that broadband strong motion can be simulated by characterizing the large slip areas modeled by low-frequency strong-motion inversion. The 2005 Miyagi-Oki earthquake also shows similar characteristics, suggesting that the two SMGAs are located on the two major large slip areas, as seen in Fig. 8 . The amount of slip of SMGA2 is, however, larger than that of SMGA1 calculated from the parameters in Table 4 , while the slip distribution in Fig. 8 shows that the slip around SMGA1 is larger than that around SMGA2. Since SMGAs are the distinct rectangular source patches, the result of the SMGA source model would be more localized than that obtained by waveform inversion, in which the smooth parameterization is often used. The difference in the amount of the slip may indicate some localization and concentration for SMGA2, whose parameters are thought to be appropriately estimated since the observed second distinctive phases are well reproduced, as shown in Fig. 10. Kamae (2006) and Satoh (2006) obtained the source model for the broadband strong motions of the 2005 Miyagi-Oki earthquake using the EGF method. Although these researchers also assumed the presence of the two source patches, the location and parameters of these patches were not the same as those obtained in our results. Note that the term "asperity" was used for the source patch in Kamae (2006) , and the two patches were indicated as Asp-1 and Asp-2 there. We construct the source model in an objective manner-independently of the slip distribution-from the kinematic waveform inversions. With respect to the location of SMGA1, our result is most objectively examined by using the T P1−P0 , while Kamae (2006) located it by trial and error and Satoh (2006) assumed it to be on the hypocenter. Table 6 compares the size, seismic moment, and stress drop obtained in these three studies. The stress drop of Asp-1 as- Table 6 . Comparison of the parameters of the source patches for broadband strong-motion simulation of the 2005 Miyagi-Oki earthquake obtained in this study and those obtained by Kamae (2006) and Satoh (2006) . This study and that of Satoh (2006) use the term, SMGA1 and SMGA2 while Kamae (2006) uses Asp-1 and Asp-2.
Comparison with the other studies of broadband source model
This study 9.6 × 9.6 6. sumed by Kamae (2006) is 90 MPa, which is considerably higher than that assumed by us, while that of Asp-2 was 30 MPa, which is nearly the same as our estimate. Satoh (2006) derived a stress drop of as high as 91 MPa for both SMGAs. First, we consider the difference in the stress drop between this study and that of Kamae (2006) . His and our analyses use different EGF events and there are no common observation stations. In order to examine the influence of the EGF choice, we simulate the waveforms at the two KiKnet borehole stations, MYGH11 and MYGH12, with our source model (Model S) and the model of Kamae (Model K) with the same EGF event used in this study. These stations are relatively near the source area, as shown in Fig. 8 , and are given great importance by Kamae (2006) . Figure 14 compares the acceleration and velocity waveforms from the two models. The first clear pulse can be produced well by Model K, but it is not so well generated by Model S. The fitting for the second pulse is equally good for both models since the parameters of the second patch are similar. Figure 15 shows the waveforms synthesized from Model K for the stations used in this study. Contrary to the comparison of MYGH11 and MYGH12, the amplitudes of the synthetic first S-wave packet are focused in a very short time and overestimated by Model K. The broadband waveforms synthesized by Model S fit better to the observations from these stations (Fig. 10) . Kamae (2006) mentioned the overestimation of the amplitude of the synthetic waveforms by his model, with the exception of MYGH11 and MYGH12.
Consequently, a different EGF is not the cause of the difference in SMGA parameters between our and Kamae's models since Model K with EGF used in our study could simulate the well-fitting waveforms at MYGH11 and MYGH12. There are two possible reasons responsible for the difference. One is the methodology used to evaluate the fittings. We estimated the source model by quantitatively evaluating the fittings between the observed and synthetic waveforms whereas Kamae (2006) compared the fittings from their appearance. Use of the misfit function (11) enabled us to objectively construct the source model for all the stations in use, although the amplitude of the synthetic waveforms is sometimes suppressed because of the least-square evaluation. The other reason is the number of choices of the rupture starting point, which would cause a difference in the modeling of the rupture propagation. In EGF modeling, the rupture starting point should be assumed to be at the position of the subfault, which means that its choice depends on the size of the EGF event. We use the smaller EGF event that covers SMGA1 with 12 × 12 subfaults in total, while Kamae (2006) Kamae (2006) at the KiK-net borehole stations MYGH11 and MYGH12 used by Kamae (2006) . The location of these stations can be seen in Fig. 8 . The numbers are the maximum values of the observed waveforms. The units for acceleration and velocity waveforms are cm/s 2 and cm/s, respectively. The frequency range is between 0.2 and 10 Hz.
that constructs the Asp-1 by 2 × 2. Consequently, we have more choices in terms of rupture starting subfaults than Kamae (2006) . On the other hand, Satoh (2006) used the same misfit function (11) to evaluate the fittings, but the frequency band for the velocity waveforms ranges from 0.1 Hz to as high as 4 Hz. With respect to modeling the rupture propagation effect, Satoh (2006) assumed that the rupture should radially propagate from the hypocenter and did not allow for the variation in the rupture starting subfault of SMGAs, and that the stress drop of the two SMGAs was fixed to be the same. These differences in the SMGA modeling may cause the different results between these two studies.
Comparison with the 1978 event
We now consider the relationship between the 2005 and the 1978 Miyagi-Oki earthquakes. Kamae et al. (2002) estimated the source model that was composed of three source patches, calling these "asperities", for the 1978 event, based on the stochastic Green's function simulation. Among these three asperities, the two landward asperities mainly contributed to observed strong motions (Kamae, 2006 is located on the hypocenter and SMGA2 is closer to the coastlines. Although Kamae (2006) already compared the location of these source patches with those of the 2005 event he estimated, it is worthwhile comparing these with our model since the location of SMGA1 is determined more systematically. Figure 16 shows the comparison of SMGAs between the 2005 and 1978 events. The hypocenters determined by the JMA are used both in our modeling for the 2005 event and in Kamae et al. (2002) for the 1978 event ( Fig. 16(a) ). Okada et al. (2005) relocated the hypocenters of the two Miyagi-Oki events and their aftershocks using the double-difference method (Waldhauser and Ellsworth, 2000). The relative location of the 2005 and 1978 hypocenters obtained by them would be more accurate than those obtained by the JMA. Therefore, we also consider the distribution of SMGAs shifted in order to change the JMA hypocentral locations to those by Okada et al. (2005) in Fig. 16(b) . In Fig. 16(a) , SMGA1 is adjacent to but does not overlap SMGA1 . The upper or shallower bound of SMGA1 is the same as the location of Hyp1, which is estimated from the analysis of T P1−P0 . Since this location is thought to be well determined, as discussed in Section 3 (Table 1 ), SMGA1 and SMGA1 do not agree with each other, even after taking into consideration the uncertainty of the determination of Hyp1. The location of SMGA2 is different from that of the landward SMGA2 . In Fig. 16(b) , the two epicenters determined by Okada et al. (2005) 6.4 Scaling relationship of the total SMGA for interplate earthquakes In an earlier study, we estimated the SMGAs of the interplate earthquakes (M W 6.0-7.0) that occurred in the Pacific Ocean of Northeast Japan (Suzuki and Iwata, 2005) . There were ten earthquakes analyzed, including the 2005 Miyagi-Oki earthquake. Table 7 lists the interplate earthquakes studied by Suzuki and Iwata (2005) . The SMGAs of eight earthquakes (nos. 2-9) were inferred using the GA, as in this study, whereas one earthquake (no. 1) was investigated by trial and error. Figure 17 shows the relationship between the combined size of SMGAs and the total seismic moment from the ten interplate earthquakes that we have analyzed and from the two large interplate events: the 1994 Sanriku Haruka-Oki earthquake (Miyahara and Sasatani, 2004 ) and the 2003 Tokachi-Oki earthquake (Kamae and Kawabe, 2004 ). The line is the self-similar relationship of the asperity size to the seismic moment for the crustal earthquakes obtained by Somerville et al. (1999) . The symbols for all interplate earthquakes shown in Fig. 17 are plotted lower than this line. As mentioned in Section 1, Miyake et al. (2003) reported that the size of the SMGA of crustal earthquakes follows this relationship. Therefore, the size of the SMGA of these interplate earthquakes are smaller than those of crustal earthquakes of the same seismic moment. This indicates that the stress drop of the SMGA of these interplate earthquakes is larger than that of crustal earthquakes. For intraslab earthquakes, Asano et al. (2003) showed that the size of the SMGA is also smaller than that expected from Somerville's scaling. They found that the size of the SMGA of the deeper earthquakes deviates more widely from the scaling relationship. This depth dependency may imply that the stress drop increases with the depth of the SMGA. The depth dependency of SMGA size cannot be clearly observed for the interplate earthquakes compiled here because the range of the focal depth might be insufficient to discuss it. Our result for the 2005 MiyagiOki earthquake, which indicates that the deeper SMGA2 has a larger stress drop than the shallower SMGA1, may reflect the depth dependency of SMGA stress drop. Miyake et al. (2006) recently compiled the slip distribution of interplate earthquakes (M W 6.7-8.4) around Japan and derived the scaling relationship between the asperity size and seismic moment. The result of the 2005 MiyagiOki earthquake was not included in that study. They found that the area predicted from this relationship is slightly larger than that for crustal earthquakes (Somerville et al., 1999) and concluded that the characteristics of the slip heterogeneity of interplate and crustal earthquakes appear to resemble each other. This scaling relationship for asperities Table 7 ( Suzuki and Iwata, 2005) . The square is the 1994 Sanriku Haruka-Oki earthquake (Miyahara and Sasatani, 2004 ) and the circle is the 2003 Tokachi-Oki earthquake (Kamae and Kawabe, 2004) . The solid line is the scaling relationship of the asperity size for crustal earthquakes (Somerville et al., 1999) and the dashed lines are its extrapolation.
by waveform inversion is different from the tendency for the SMGAs of interplate earthquakes observed in this study. The spatial resolution of the inversion result compiled by Miyake et al. (2006) is not so high as that for crustal earthquakes because the subfault size is larger due to a lower analyzed frequency range even on using strong-motion data. For example, the subfault size used for the 2003 TokachiOki earthquake, which is the latest large interplate earthquake and considered to provide the best data set among those used by Miyake et al. (2006) , is 10 × 10 km 2 (e.g., Honda et al., 2004; Koketsu et al., 2004; Yagi, 2004) . The SMGAs of interplate earthquakes may characterize heterogeneity with a relatively smaller scale, which waveform inversion still cannot resolve well.
Conclusion
We construct the source model of the 2005 Miyagi-Oki earthquake by locating the main rupture starting point using the P-wave portion and by broadband waveform modeling using the EGF method. We found that the broadband strong motions are mainly radiated from the large slip areas revealed by the low-frequency (≤1 Hz) waveform inversion of strong-motion data. The stress drop of the SMGAs, which controls the main characteristics of strong motions, is estimated to be 17.6 MPa for SMGA1 and 34.1 MPa for SMGA2. The reliability of the result is confirmed from the analysis by using the records of the other small earthquake as EGF. We found that the two SMGAs of the 2005 event may be close to those of the 1978 event but that they do not overlap. The total size of the SMGAs is smaller than that expected for the crustal earthquakes, which is consistent with the tendency observed for the interplate earthquakes. Although the estimated stress drop of SMGAs is relatively smaller than that reported in other studies, it is large in comparison with that obtained for crustal earthquakes.
